In recent years, much progress has been achieved in identifying the minority carrier lifetime limiting defects in SiC and it has been shown that thermal oxidation 1,2 and carbon-implantation/annealing 3 resulted in increased lifetimes and a large reduction in the intrinsic levels Z 1/2 and EH6/7 in 4H-SiC. Most investigations were conducted on the 4H-SiC polytype and only recently, a comparative study on defects in 4H-SiC and 6H-SiC and their behavior after oxidation has revealed common characteristics on the origin of these intrinsic defects. 4 Previously, defect studies on 3C-SiC bulk material 5 and cubic layers grown on Si have been done. [6] [7] [8] [9] However, due to the heteroepitaxial growth, it has not been clear, which of the defects are related to the interface and which that are related to 3C-SiC. Chloride-based chemical vapor deposition ͑CVD͒ of cubic SiC on hexagonal on-axis SiC has been shown to produce high quality materials 10 and defect studies in such materials 11 may guide to a common view on the deep levels and their origin in SiC.
Defect identification using electrical characterization techniques alone, such as deep level transient spectroscopy ͑DLTS͒ is difficult; additional characterization techniques, such as electron spin resonance or photoluminescence, are usually required. The implantation of known radioactive elements avoid such problems. 12 V and Cr as well as Ti and other metals have been identified in SiC using this technique. In previous studies on electrical characterization of tungsten ͑W͒ in SiC, the transition metal was introduced either by implantation of radioactive 178 W in 4H-SiC, 6H-SiC, and 15R-SiC ͑Refs. 13 and 14͒ to investigate the decay to daughter isotopes or by unintentional introduction of W in 6H-SiC due to contamination from the growth reactor. 15, 16 In this paper, we study the transition metal W in the SiC polytypes 4H, 6H, and 3C by DLTS to confirm experimentally the previously calculated energy level for W in 3C-SiC. Comparison between the different polytypes suggests that the valence band is pinned to the same level 17 in 4H-SiC, 6H-SiC, and 3C-SiC assuming W is following the Langer Heinrich rule. 18 The different SiC epilayers were grown using a chloridebased CVD process 19 on highly doped off-axis substrates ͑6H-SiC͒ or in the case of the reference 3C-SiC sample on a semi-insulating on-axis substrate ͑4H-SiC͒. The epilayers were intentionally contaminated with W by placing small metallic flakes ͑2 ϫ 2 mm 2 ͒ directly on the substrate and in the upstream part of the susceptor. Metallic contacts were thermally evaporated onto the epilayers after chemical cleaning and etching of the native oxide by hydrofluoric acid. For the 3C layers an additional preparative step was introduced to saturate surface states by oxidation. 20 UV-illumination from an Argon ion laser formed the oxidizing environment at an elevated temperature ͑T = 200°C͒. Thick circular Ni contacts ͑about 1000 Å͒ served as rectifying contacts for the 4H-SiC and 6H-SiC epilayers, whereas the Ohmic contact was achieved using conducting silver paint to the highly doped substrate. In case of 3C-epilayers, both rectifying ͑Au, about 2500 Å͒ and Ohmic ͑Al, 2000 Å͒ contacts were deposited onto the epitaxial surface. The rectifying behavior was checked by current-voltage ͑IV͒ measurements and a homogenous doping distribution was confirmed by capacitance voltage ͑CV͒ measurements at room temperature. The net doping concentration, N d − N a varied for the different polytypes depending on the growth conditions but also whether the sample was doped with W or not. The deep levels were investigated using DLTS in a temperature range from 85 to 700 K. The following DLTS parameters were used for the 4H-and 6H-samples: filling pulse length of 10 ms and a filling pulse height of 10 V. The quiescent reverse bias was V r = −10 V. Due to inferior IV characteristics a reverse bias of only 2 V was used for the 3C-layers. The filling pulse height was 1.5 V with a pulse length of 10 ms. The capacitance transients were evaluated using conventional boxcar technique or, in the case of the 3C-layers by lock-in amplification simulation to reduce the noise level. Figure 1 displays the DLTS spectra of the different polytypes doped with W: 4H-SiC ͑squares͒, 6H-SiC ͑stars͒, and 3C-SiC ͑triangles͒. In the as-grown material, we observe only intrinsic defects, such as Z 1/2 and EH6/7 in 4H-SiC, E1/2 and E7 in 6H-SiC, and E1 in 3C-SiC, respectively. The spectrum of 4H-SiC clearly shows additional peaks besides the well-known intrinsic levels Z 1/2 and EH6/7. As reported by Achtziger, 14 W has one shallow ͑E A = E C − 0.17 eV͒ and one deep ͑E A = E C − 1.43 eV͒ level in 4H-SiC. Both levels were detected in our epitaxial layers. The electronic properties for these levels are summarized in Table I . For the shallower tungsten peak, labeled W1, the capture cross section was determined using different filling pulse lengths 21 The meas of the W2 and EH6/7 did not change in a temperature window of 30 K, whereas the capture cross section of the Z 1/2 -level showed a clear temperature dependence. 22 The DLTS spectrum of 6H-SiC intentionally doped with W is also shown in Fig. 1 , ͑stars͒. The previously reported W related peak 14, 16 at E A = E C − 1.16 eV was observed in our doped samples, labeled W2. The electrical properties can be found in Table I 24 reported similar value for the capture cross section of the E7-level. In a range of ⌬T =66 K, meas stayed constant for the W2 peak and for the E7, whereas it varied for the E1/E2-level 23, 24 similar to the behavior of the Z 1/2 -level in 4H-SiC. Assuming the valence band is pinned to the same level in different polytypes, 17 ,25 the shallower level W1, which was detected in 4H-SiC, should be located in the conduction band for the 6H polytype. Additionally, studies on semiconductor heterojunctions showed that deep levels related to transition metals serve as common reference levels in isovalent semiconductor compounds, known as LangerHeinrich rule. 18 In Ref. 26 , the authors presented W related states in 4H-SC, 6H-SiC, and 15R-SiC together with calculations on 3C-SiC. The authors confirm experimentally the valence band edge alignment and that defects related to the transition metals, Ta and W, are common reference levels in SiC. Furthermore, they strengthen their arguments by prediction on the position of the W level in 3C-SiC. Figure 1 ͑triangles͒ shows a DLTS spectrum of our grown 3C-SiC doped with W. We observe two peaks in the spectrum, labeled W2 and E1. The determined activation energy of W2 ͑E A = E C − 0.47 eV, see Table I͒ agrees well with the calculated double donor level at E A = E V + 1.94 eV ͑Ref. 26͒ assuming a bandgap of E g = 2.36 eV at room temperature. 27 The other peak, E1 is close to the W6-level observed in irradiated 3C-SiC, 28 in hydrogen implanted 3C-SiC, 29 and in as-grown heteroepitaxial grown 3C-SiC.
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The authors therein relate the electron trap to an intrinsic defect similar to Z 1/2 or EH6/7 in 4H-SiC.
Comparing the different polytypes, see Fig. 1 , the deep tungsten level, W2, is observed at lower temperatures than the EH6/7 in 4H-SiC and the E7 in 6H-SiC, respectively. The shape of the two peaks is very similar for all polytypes. Sasaki et al. 4 recently showed that these levels most probably originate from the same defect, likely the carbon vacancy. They additionally concluded that the LangerHeinrich rule, which was previously only applied for transition metals, is valid also for intrinsic defects in SiC. Our results support this suggestion. Also for the 3C-SiC, a level is observed at higher activation energy, the E1. This level was related to the Z 1/2 in 4H-SiC. 28, 29 However, taking the valence-band alignment into account, the level is more related to EH6/7 in 4H-SiC or E7 in 6H-SiC than to the Z 1/2 -level or E 1/2 in 4H-SiC or 6H-SiC, respectively. Thus the observed E1 in 3C-SiC is likely related to the carbon vacancy as well. In Fig. 2 , we summarize our investigations by displaying the energetic positions of the measured levels in the band gap of the different polytypes. The alignment of the W2 level becomes obvious as well as the alignment of the intrinsic levels, EH6/7, E7 and E1 in 4H-SiC, 6H-SiC, and 3C-SiC, respectively.
In the present study, we have detected the deep W2 level in 3C-SiC; its activation energy agrees well with the predicted one and aligns well with the deep W2 levels in 4H-SiC and 6H-SiC. Tungsten can be regarded as a common reference level in SiC. Additionally, the alignment of intrin- sic defect levels was observed, which suggests that the E1 level in 3C-SiC is related to EH6/7 in 4H-SiC and E7 in 6H-SiC, respectively, and thus to the carbon vacancy. 
